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4L--INTRODUCTION
The subject of laser-initiated breakdown of gases nas been of interest since the early application of lasers. Excellent articles have been published on some phases of this subject and Morgan has reviewed the important results of the early work.
The vast majority of the work has involved investigation of the energy coupling and breakdown threshold mechanisms, and resulting electron densities and tempera- We report here the results of initial investigations of the plasma spectroscopy, including additional information on breakdown thresholds, for Ar, N2 and 02 over the pressure range 3-760 torr, using focused laser radiation at 1. 06 tim.
PLASMA SPECTROSCOPY INVESTIGATIONS
The experiments employed a Quanta-Ray DCR-lA Nd:yttrium aluminum garnet (Nd:YAG) laser, which can produce up to 750 mJ/pulse at 1. 06 Am with a pulse width of 10 ns full width half-maximum (FWHIM). The pulse shape was somewhat "spikey" in normal operation without an etalon in the oscillator cavity. However, the pulses were not mode-locked, so the breakdown threshold data could be inter- The previously unreported break in the slope of I vs P occurs at P nearly an order of magnitude higher pressure than the theoretically predicted
P<0wh
where is the laser pulse width in secondsd liowever, we do not observe an approach to P-I1/n behavior as seen in cases of visible, picosecond timescal geeratd beakdwn.I Ia result consistent with findings of other investigations. 1,5 This observation is difficult to understand for several reasons.
First, below 10 tort, the electron me.an free path is long relative to the spark dimensions.
We calculate our focal radius and length to be 14. 5 Am and 107 Azm respectively.
from which we derive 'in effective cylindrical electron diffusion length of 6 A m.
(Due to the large number of references cited above, they will not be listed here. See References, page 15.
Since tne electron mean free path in air is -10 gm at 1 torr, and bremsstranlung events are required per electron to acnieve ionization, collisional processes should not dominate at pressures below 10 gm. Second, our photometric results below 25 torr show a significant range of laser intensities near threshold over which plasma emission can be observed, similar to picosecond 11 pulse width observations which exhibited optical behavior consistent with multiphoton breakdown (-10-3 torr). Third. Baravian et al12 have shown, using ion counting, that the multiphoton process dominates up to at least a few torr. Thus, although our low pressure data should reflect multiphoton controlled ionization, the optical behavior of the pressure dependence of breakdown intensity, Ip, is more consistent with cascade breakdown.
Spectra of the plasma emission following the laser pulse were obtained for the three gases from 300 to 600 nm. 
3+
are transitions of 0 0 and 0 . In similar experiments performed at pressures 22 2 at and above 1 atm , the multiply charged species found here were not observed.
The nominal spectral resolution in our measurements is -0. 05 nm. The observed linewidths are 2-3 times broader; likely due to Stark broadening. Estimates of the electron density from the observed linewidths give -1018 cm-3 at -9ptically thin conditions of 10 torr, indicating the gas is essentially fully ionized, 15 consistent with earlier investigations.
The prevalence of atomic transitions in the spectral data further indicates that the molecular gases are highly dissociated.
In addition to the line spectra, a broad continuum was observed at 125 torr, but was ,Tsent at 10 torr. This time-integrated continuum, which is identical for 02 and N2' has a peak near 420 nm and an FWHM of about 150 nm, and is skewed to the red. The spectral distribution does not fit that of blackbodv radiation, and we conclude that it is due to bremsstrahlung emission. Time-resolved measurements were made of several emitting species with a 5 ns boxcar gate width. Nearly all visible emission occurs after the laser pulse.
Measured species exhibited varied rise times of less than 100 ns at laser intensity ,)f twice breakdown threshold for a given pressure, but in no case was peak emission reached within the laser pulse width. Emission decay rates of molecular nitrogen second positive and first negative systems were close to radiative decay rates. All atomic species, however, including those excited to high-lying energy levels, exhibited decay rates much longer than radiative. Species for which electronic temperatures were obtained exhibited constant relative population distribution throughout the decay. These results may be explained by a combination of spatial variations of source emitters and local thermodynamic equilibrium as pre- photon behavior at low pressure has never emerged. Some recent articles purport to explain the behavior but they fail to fit the data, and cannot be uenerallv applied to all laser breakdown conditions. We have used a photometric scheme to determine the low pressure breakdown thresholds and by so doing, identified a heretofore unreported break in the slope of breakdown threshold vs pressure for a 10 ns pulse width Nd:YAG laser. We have also reported new data on 0, and N., as well as time behavior which is not explainable by a thermal equilibrium model.
While we do not yet have a full explanation of the optical behavior of the laser produced plasma, it is clear that simple models of multiphoton vs cascade processes are not adequate. We also caution that it is difficult and somewhat arbitrarv to assign breakdown "threshold" at reduced pressures and the onset of detectable emission from the focal volume may be an insufficient criterion for the attainment of breakdown "threshold". The issues cannot be resolved without a detailed experimental and theoretical investigation of the coupled gas dynamics, optics and kinetics of the laser initiated plasma. We are continuing to investigate these processes.
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